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Surface-induced dissociation (SID) and reactions following impact of well-defined ion beams
of polyatomic cations C2H5OH
, CH4
, and CH5
 (and its deuterated variants) at several
incident angles and energies with self-assembled monolayers (SAM), carbon surfaces, and
hydrocarbon covered stainless steel were investigated by the scattering method. Energy
transfer and partitioning of the incident projectile energy into internal excitation of the
projectile, translational energy of products, and energy transferred into the surface were
deduced from the mass spectra and the translational energy and angular distributions of the
product ions. Conversion of ion impact energy into internal energy of the recoiling ions peaked
at about 17% of the incident energy for the perfluoro-hydrocarbon SAM, and at about 6% for
the other surfaces investigated. Ion survival probability is about 30–50 times higher for
closed-shell ions than for open-shell radical cations (e.g., 12% for CD5
 versus 0.3% for CD4
, at
the incident angle of 60° with respect to the surface normal). Contour velocity plots for inelastic
scattering of CD5
 from hydrocarbon-coated and hydrocarbon-free highly oriented pyrolytic
graphite (HOPG) surfaces gave effective masses of the surface involved in the scattering event,
approximately matching that of an ethyl group (or two methyl groups) and four to five carbon
atoms, respectively. Internal energy effects in impacting ions on SID were investigated by
comparing collision energy resolved mass spectra (CERMS) of methane ions generated in a
low pressure Nier-type electron impact source versus those generated in a Colutron source in
which ions undergo many collisions prior to extraction and are essentially vibrationally
relaxed. This comparison supports the hypothesis that internal energy of incident projectile
ions is fully available to drive their dissociation following surface impact. (J Am Soc Mass
Spectrom 2003, 14, 1360–1372) © 2003 American Society for Mass Spectrometry
Studies of interaction between hyperthermal ionsand surfaces represent a broad area of research ofinterest to both physicists and chemists. A variety
of phenomena and processes is induced in the range of
collision energies from eV to keV and higher, and many
of them find use in different areas of science and
technology [1]. Especially over the last fifteen years,
considerable interest has been devoted to studying
selected physical and chemical processes stimulated by
impact of 5–100 eV ions on surfaces [1–4]. In this energy
regime, the relative collision energy is of the same order
of magnitude or somewhat larger than the chemical
bond energies. The ion-surface interaction is thus large
enough to lead to bond dissociation but not to obscure
its chemical nature. Collisions of slow ions with sur-
faces find many applications in science and technology
ranging form surface diagnostics, surface modification
and preparation of new materials, description of plas-
ma-wall interactions in discharges and fusion devices to
characterization of projectile ions. In particular, surface
collisional activation and ensuing surface induced dis-
sociation (SID) has been increasingly used as one of the
tools for characterizing structural properties of organic
(bioorganic) ion projectiles [3, 4]. The question of colli-
sional-to-internal energy transfer has been extensively
studied. The average energy transferred was estimated
from the extent of fragmentation of the projectiles using
different procedures [5–7] or from the fragmentation of
“thermometer molecules” [8, 9], exhibiting simple and
regular break-down patterns. Valuable information was
also obtained from model calculations [8].
ETOT Etr Eint Eint Etr Esurf, (1)
where Etr is the translational energy of the incident
projectile, Eint is its initial internal excitation, Eint is the
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internal energy of the surface-excited projectile ion after
the collision, Etr is the translational energy of the
product ions, and Esurf is the energy absorbed by the
surface.
This communication is a review of a series of scat-
tering experiments in our laboratory to obtain informa-
tion on the energy partitioning in surface collisions of
slow polyatomic ions [10–14]. This approach uses a
combination of measurement of mass spectra, transla-
tional energy distributions, and angular distributions of
the product ions to obtain data on distributions of
energy fractions in eq 1. The data were obtained in
dependence on the incident ion energy, on the incident
angle, on the type of the surface, and also—in some
cases—on the surface temperature.
The surfaces studied were those covered by different
types of self-assembled monolayers (hydrocarbons, per-
fluoro-hydrocarbons, hydrocarbon chains with specific
terminal groups), hydrocarbon-covered metal surfaces,
and carbon surfaces. The carbon surfaces were investi-
gated both at room temperature and at an elevated
temperature of 1000 K.
The projectile ions used were ethanol molecular ion
(C2H5OH
), and small hydrocarbon ions (CD3
, CD4
,
CD5
, and their H- and 13C- isotopic variants). Especially
the ethanol molecular radical cation proved to be very
useful in the estimation of energy partitioning. It carries
a relatively small amount of internal energy from
electron impact ionization, its break-down pattern is
well known from both experiment and theoretical cal-
culations, and its unimolecular dissociation processes
can be easily separated from products of fragmentation
of its protonated product, formed in H-atom transfer
reactions with surface hydrogen-containing material.
Experimental Method
The beam scattering apparatus EVA II was used in the
investigations described here (Figure 1). Projectile ions
were formed by bombardment of a source gas in a
low-pressure ion source by 120 eV electrons. The ions
formed were extracted, accelerated to about 140–300
eV, mass analyzed by a 90° permanent magnet, and
decelerated to a required energy in a multi-element
deceleration lens. The resulting projectile ion beam had
an energy spread of 0.2 eV full-width-at-half-maximum
(FWHM), an angular spread of 1° FWHM, and geomet-
rical dimensions of 0.5  1.0 mm. The beam was
Figure 1. Schematics of the scattering apparatus. Inset defines the collision geometry.
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directed towards the target surface under a pre-ad-
justed incident angle N. Ions scattered from the sur-
face passed through a detection slit (0.5  1 mm),
located 25 mm away from the target, into a stopping
potential energy analyzer. They were then accelerated
to 1000 eV into a detection mass spectrometer (a mag-
netic sector instrument) and detected with a Galileo
channel multiplier. Both the amplified signal current
measurement and ion counting could be used. The
projectile beam exit slit, the target, and the detection slit
were kept at the same potential during the experiments
and this equipotential region was carefully shielded by
-metal sheets. The projectile beam–target section could
be rotated about the scattering center with respect to the
detection slit to obtain angular distributions. The use of
a simple stopping potential energy analyzer has its
advantage in this type of study (e.g., in comparison
with deflection analyzers): specifically, it makes it pos-
sible to measure mass spectra of the ion products and
determine total intensities of scattered ions regardless
of their kinetic energy and to measure then their trans-
lational energy distributions separately.
The energy of the projectile ions was measured by
applying to the target a potential exceeding the nominal
ion energy by about 10 eV. The target area then served
as a crude ion deflector directing the projectile ions into
the detection slit. Their energy could be determined
with accuracy better than about 0.2 eV. The impact
angle of the projectile ions was adjusted before an
experimental series by a laser beam reflection with a
precision better than about 1°. Incident (N) and scat-
tering (N) angles were measured with respect to the
surface normal (see inset in Figure 1).
The surfaces investigated were self-assembled
monolayers on gold-covered silicon wafers (C11Fn-
SAM, C12Hn-SAM, and C11-COOH-SAM), carbon sur-
faces, [highly oriented pyrolytic graphite (HOPG); sam-
ples of carbon bricks from tokamaks], and
hydrocarbon-covered polished metal surfaces. The car-
bon surfaces could be heated up to 1000 K. At room
temperature, the carbon surfaces were covered by a
layer of hydrocarbons, as manifested by the occurrence
of chemical reactions of H-atom and CHn- transfer
between the projectile ion and surface material [14].
Heating this surface to 1000 K effectively removed this
hydrocarbon layer: The hydrocarbon concentration de-
creased to less then 1%, as confirmed by the absence of
H-atom transfer reactions. Cooling to room temperature
re-established the hydrocarbon surface layer. This cycle
could be repeated reproducibly several times and fol-
lowed by the presence or absence of the products of
chemical reactions in the mass spectra. In the early
energy transfer experiments the surface was a polished
metal (stainless steel, nickel), covered by layer of back-
ground hydrocarbons. This is a very stable surface used
in many earlier mass spectrometry experiments on
surface-induced dissociation of organic ions [2]. The
background pressure in the scattering apparatus was
about 5  107 torr, and during experiments the pres-
sure was about 3  106 torr because of leakage of ion
source vapor into the scattering chamber.
Results and Discussion
Energy Transfer in Surface Collisions
of Polyatomic Ions
Information on energy partitioning was obtained from
measurements of mass spectra and translational energy
distributions of the product ions. Figure 2 summarizes
results of several such measurements for the CF-SAM
(Figure 2a) and CH-SAM (Figure 2b) surfaces and the
projectile molecular ethanol ion C2H5OH
 at a collision
energy of 22 eV and incident angle 132N of 60° (30° with
respect to the surface). Mass spectra in Figure 2a
(CF-SAM) measured in the product ion angular maxi-
mum show substantial fragmentation of the molecular
ion projectile C2H5OH
 (m/z 46) to C2H5O
 (m/z 45), to
CH2OH
 (m/z 31), and to a lesser extent to COH (m/z
29, nature of the ion proved by isotope labeling).
CH-SAM spectra shown in Figure 2b exhibit much less
fragmentation at the same collision energy. The main
ions are the non-dissociated molecular ion (m/z 46) and
C2H5O
 (m/z 45); a small amount of CH2OH
 (m/z 31)
is also formed, the other prominent ions are then m/z 29
and m/z 27. However, isotopic labeling showed that
their composition was C2H5
 and C2H3
, respectively.
These ions are products of chemical reactions of the
projectile radical cation with surface hydrogen of the
CH-SAM surface: first, the protonated molecular ion
C2H5OH2
 is formed by H-atom transfer and fragment
ions C2H5
, C2H3
, or H3O
 result from its decomposi-
tion. These products of chemical reactions are not
formed in the unimolecular decomposition of the etha-
nol molecular ion (see Figure 3c later on) and can be
easily subtracted from the direct dissociation products
of the projectile ion. (In this sense, the ethanol molecular
ion has a great advantage over, e.g., hydrocarbon
projectiles like C2H6
, C3H8
, or C4H10
 , where the direct
dissociation products and products of chemical reac-
tions, namely products of protonated molecular ion
dissociation, are mixed.)
Figure 2c shows translational energy distributions of
the major product ions from the C2H5OH
–CF-SAM
surface collisions at the incident energy of 22.6 eV (132N
 60°, measured in the product ion angular maximum,
N  75°). Most product ions are formed in strongly
inelastic collisions with the surface, e.g., the maximum
for the undissociated projectile ion is at 10 eV, about 40
% of the incident energy. If product ion energy distri-
butions are converted to velocity (Figure 2d), the distri-
butions for all product ions are very similar. This
indicates that the decomposition of the surface-excited
projectile ion occurs unimolecularly after the interaction
with the surface. Figure 2e summarizes the velocity
distributions of the product ions from C2H5OH
–CH-
SAM collisions. The similarity of the distributions for
the inelastically scattered undissociated molecular ion
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with those of the fragment ions leads to the same
conclusion, namely, unimolecular decomposition of the
excited molecular ion follows the interaction with the
surface.
The fragmentation data were used to estimate the
distribution of energy transformed into internal energy
of the projectile ion in the surface collision, P(Eint). The
break-down pattern of the ethanol molecular ion is
relatively well-known from both experimental and the-
oretical studies [15–17] and was used to deduce P(Eint)
by fitting the break-down graph to the relative intensi-
ties of the ion species in the mass spectra using trial
functions for P(Eint). An example of such a P(Eint)
estimation is given in Figure 3 for the collisions with the
CF-SAM surface at two collision energies of 11.1 eV and
32.0 eV [13]. The lower part of the figure shows the
Figure 2. Examples of scattering data (C2H5OH
, on a CF-SAM and CH-SAM surface, Etr  22.6 eV,
N  60°). (a) mass spectrum of ion products on CF-SAM; (b) mass spectrum of ion products on
CH-SAM; (c) product ion (m/z 46, 45, 31) energy distributions in the angular maximum; (d) velocity
distributions of product ions from (c); (e) velocity distributions of product ions (m/z 46, 45, 31, 29) on
CH-SAM.
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break-down pattern of the ethanol molecular ion. A
comparison of P(Eint) estimation for various SAM-
surfaces (CF-SAM, CH-SAM, and COOH-SAM) and
different incident angles N between 80° ( i.e., close to
the surface) and 40° of the projectile ions is given in
Figure 4. In addition, the curve marked CH/SS indi-
cates an earlier result [10] for hydrocarbon-covered
metal target (stainless steel). It can be seen that at the
same collision energy, P(Eint) is similar for different
incident angles between 40° and 80° for three surfaces
(CH-SAM, COOH-SAM, and the CH/SS surface).
The only surface that showed a high translational-
to-internal energy transfer was the CF-SAM surface
(peak at 17% of the incident energy, in agreement with
a value reported earlier [7]). The other surfaces showed
a peak value at about 6% of the incident energy. This is
smaller than obtained in other studies using thermom-
eter molecules [18], but in fair agreement with recent
data on fullerene ion–hydrocarbon-covered stainless
steel collisions (6.8%) [19] and consistent with classical
trajectory calculations for collisions of large polyatomic
ions with CH-SAM surfaces [20]. The chemically mod-
ified CH-SAM behaved very similarly to surfaces cov-
ered by a layer of background hydrocarbons (stainless
steel [13] or carbon [12]).
Figure 5 summarizes results on the translational-to-
internal energy transfer for collisions of CD4
 radical
cation with a carbon surface (HOPG) at room and at an
elevated temperature [14]. At room temperature the
surface was covered by a layer of background hydro-
carbons, while at 1000 K the hydrocarbon layer was
practically removed. Mass spectra for the unimolecular
dissociation of the CD4
 projectile ions (N 60°,N
72°) at three collision energies, 16.6, 31.6, and 51.6 eV
were used, in combination with the break-down pattern
of the methane molecular ion, to estimate the P(Eint) for
this system. This is not a very sensitive method for
methane molecular ion, because the critical energies in
the break-down pattern are widely separated and the
relative concentrations of ions do not change much at
excitation energies above 3 eV (Figure 5d). Conse-
quently, the distribution functions P(Eint) deduced
using this fitting procedure should be regarded as
Figure 3. Distribution of energy transformed in the surface
collision into the internal excitation of the projectile ion, P(Eint), as
obtained from the extent of the projectile ion fragmentation for
incident energies of 11.1 eV and 32.0 eV. Data for C2H5OH
 on a
CF-SAM surface, N 60°, N 75° (angular maximum). Lower
part shows the break-down pattern of the ethanol molecular ion
used in the evaluation.
Figure 4. Distribution of energy transformed in the surface
collision into the internal excitation of the projectile ion, P(Eint),
for various incident anglesN on surfaces covered by (a) CF-SAM,
(b) CH-SAM, (c) COOH-SAM, and (d) for hydrocarbon-covered
stainless steel (CH/SS). Incident angle N and incident energies
(in parentheses) are given in the figures. Mass spectra measured at
the product ion angular maximum.
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approximate. An additional complication is that the
projectile ion, when formed by electron impact, pos-
sesses a considerable amount of internal energy (esti-
mated by the dashed curve in Figure 5d). The derived
P(Eint) curves exhibit tailing towards higher energies,
but the mean energy transferred is again close to 5–6%
of the incident energy and increases approximately
linearly with increasing incident energy. The energy
transfer was found to be practically the same for the
surface at room temperature (collisions with the ad-
sorbed hydrocarbon layer) and at the high temperature
(collisions with C-atoms of the graphite surface). Only
at the lowest collision energy (Figure 5a) there was a
smal difference in the P(Eint) curves; the mean value for
the energy transfer on the heated surface seems to be by
about 0.2 eV lower than on the room-temperature
surface.
Incident Energy Partitioning
Data on incident energy partitioning in the surface
collisions and dependence on the incident angle and
incident ion energy were derived for different surfaces
from the experimental data on fragmentation of the
projectile ethanol molecular ion in surface collisions
and on translational energy distributions of the product
ions. The projectile ethanol molecular ion energy distri-
bution was used as measured for the incident ion
translational energy distribution, P(Etr). The internal
energy distribution of the projectile ion, P(Eint), was
estimated as a product of the range of stability of the
undissociated molecular ion, derived from its break-
down pattern (see Figure 3), and the probability of
populating internal energy states of the molecular ion in
this range, obtained from tabulated ethanol photoelec-
tron spectra. The term P(Etr) was taken as the measured
translational energy distributions of the inelastically
scattered undissociated molecular product ion. The
distribution of energy transformed into the internal
energy of the projectile ion, P(Eint), was obtained from
the extent of the surface-excited projectile ion fragmen-
tation (see the preceding section). The distribution
P(Esurf) was taken as a difference of all these terms.
Figure 6 shows the data for energy partitioning in
collisions of the ethanol molecular ion projectile (inci-
dent energy 21–22 eV) with the CF-SAM surfaces for
three different projectile ions incident angles N. The
results show that the fraction of energy, transformed
into the internal energy of the surface-excited projectile
ion, P(Eint), was practically independent of the incident
angle over the incident angle range of 10 to 50°, with a
peak value of 17–18% of the incident energy and
FWHM of about 4.1 eV (19% of the incident energy).
The fraction of energy in product ion translation in-
creased with the incident angle from the peak value of
16% at N  40° to 52% of the incident energy at N 
80°, with FWHM of 5–8 eV (22–36% of the incident
energy). The distribution of the fraction of energy
absorbed by the surface, P(Esurf), correspondingly de-
creased from 66 to 30% of its peak value. Analogous
dependence on the incident angle was observed for
hydrocarbon-covered metal surfaces [10], though the
distributions and peak values of the energy fractions
were different (see also Figure 7 and Figure 8).
Figure 7 summarizes data on the dependence of the
energy partitioning on the incident ion energy. The data
shown refer to collision of the ethanol molecular ion
with a hydrocarbon-covered stainless steel surface [10].
Figure 5. Distribution of energy transformed into the internal
excitation of the projectile ion, P(Eint), in surface collisions of CD4

with heated (H) and room-temperature (NH, dashed) HOPG
surfaces. Incident energy (a) 16.6 eV, (b) 31.6 eV, and (c) 51.6 eV,
incident angle N  60°, measured in the angular maximum
N 72°; (d) break-down pattern of the molecular ion CD4
used
in the evaluation (dashed line: estimated distribution of initial
internal excitation of CD4
). Numbers show comparisons of mea-
sured ion abundance with calculated abundance resulting from
the fits.
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Over the incident energy range 13–33 eV (N  60°) the
energy partitioning practically did not change. The
peak values of the fractions were the same within the
experimental error and the particular distributions had
a very similar shape. This indicates that the values of
mean energy channeled into internal excitation, trans-
lational energy and the surface increased proportionally
with increasing incident energy in the measured colli-
sion energy range. These conclusions are consistent
with the results of classical trajectory simulations of
collisions of Cr(CO)6
 with hydrocarbon SAM surfaces
[21]. In the theoretical study the average value of Eint
was found to be about 8–10% and independent of the
incident projectile energy. Also, the mean value of Etr
and the width of its distribution at the incident energy
of about 22 eV was in reasonable agreement with the
experimental results reported here. However, in the
theoretical study the average value of Etr was found to
increase with the collision energy over 5–110 eV. The
experiments did not show this decrease, however, in a
much narrower collision energy window and on a
slightly different hydrocarbon surface (Figure 7).
Finally, Figure 8 brings a comparison of energy
partitioning in collisions of the ethanol molecular ion of
the same incident energy (21–22 eV) and the same
incident angle (N  60°) with surfaces covered by
different self-assembled-monolayers (CF-SAM, CH-
SAM, and COOH-SAM) and, for comparison, with
Figure 6. Distribution functions for energy partitioning into Eint, Etr, and Esurf from collisions of the
ethanol molecular ion with the CF-SAM surface for incident projectile ion angleN (a) 40°, (b) 60°, and
(c) 80°. Projectile incident energy 21–22 eV; measured at the angular maximum. Hatched area
represents the estimated internal energy distribution of the projectile ion.
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hydrocarbon-covered stainless steel surface [10]. It can
be seen that the CH-SAM and the COOH-SAM surfaces
give very similar results for energy partitioning to the
hydrocarbon-covered stainless steel. The comparison
between the CH-SAM and the hydrocarbon-covered
stainless steel indicates that the self-assembled C12
hydrocarbon chain monolayer (CH-SAM) has very sim-
ilar properties (as far as energy partitioning is con-
cerned) to the random adsorbed layer of hydrocarbons
on a stainless steel surface. The CF-SAM system is
different in that the fraction of energy transformed into
the surface-excited projectile internal energy is about
3-times higher than on the other surfaces in Figure 8
(peak value of 17% versus 5–6% of the incident energy,
respectively). Also, the fraction of energy going into
product ion translation appears to be larger for the
CF-SAM surface and the fraction of energy absorbed by
the surface correspondingly smaller (peak value of 40%
for CF-SAM and 27–32% for CH-SAM and COOH-SAM
of the incident energy).
Angular Distribution of Product Ions
Examples of polar plots of angular distributions of
product ions from interaction of the ethanol molecular
ions with the CF-SAM surface at the incident projectile
ion energy of about 21 eV are given in Figure 9 [13]. The
plots show the dependence on the incident angle. The
figure also shows the dependence of the angular distri-
bution of scattered CD5
 on hydrocarbon-covered
HOPG on the collision energy. The angular distribu-
tions for all product ions tend to peak close to the same
scattering angle and do not show any obvious correla-
tion with the incident angle. For large incident angles
(close to the surface) it is smaller than the specular
angle, for smaller incident angles it tends to be larger
than the specular angle. From a comparison of results
on different surfaces [10, 12, 13] it appears that there is
a correlation between the components of the velocities
(maximum velocity of a distribution) of the incident
and scattered ion in the angular maximum. The ratio of
Figure 7. Distribution functions for energy partitioning into Eint,
Etr, and Esurf from collisions of the ethanol molecular ion with the
hydrocarbon-covered stainless steel surface for projectile ion inci-
dent energies (a) 13.0 eV; (b) 22.3 eV; (c) 32.7 eV. N  60°,
measured in product ion angular maximum.
Figure 8. Comparison of distribution functions for energy parti-
tioning into Eint, Etr, and Esurf from collisions of the ethanol
molecular ion with (a) CF-SAM, (b) CH-SAM, (c) COOH-SAM,
and (d) hydrocarbon-covered stainless steel surface (CH/SS).
Incident energy 21.2–22.4 eV, incident angle N  60°, measured
in the angular maxima (N  75°–70°).
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the most probable velocity components parallel to the
surface of the scattered and incident ion appears to be
independent of the incident angle and equal to 0.7. The
value of the product ion velocity component perpendic-
ular to the surface was almost constant and not depen-
dent on the incident angle. However, it depended on
the collision energy and also on the type of the surface
studied [10, 13].
Measurements of both angular distributions and
translational energy distributions of the product ions
Figure 9. Angular distributions of product ions from ion-surface collisions. Left: Dependence on the
incident angle for ethanol molecular ions on a CF-SAM surface, incident energy 21 eV, m/z of the
product ions in insets (a) N  80°; (b) N  60°; (c) N  40°. Right: Dependence on the incident
energy for CD5
 ions on hydrocarbon-covered HPPG, incident angle 132N  60°, CD5
 solid line, CD3

dashed (a) Etr  16.6 eV; (b) Etr  31.6 eV; (c)Etr  51.6 eV.
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scattered after the interaction with the surface makes it
possible to obtain scattering diagrams of the product
ions, i.e., to construct contour diagrams of the depen-
dence of the product ion flux on both the scattering
angle and the product translational energy. Figure 10
shows such a dependence for the projectile ion CD5

scattered on the carbon surface at room temperature
(HOPG covered by a layer of hydrocarbons).
In analogy with gas-phase scattering, this diagram
can be plotted also as a contour plot of the Cartesian
probability of the product ion having a particular
velocity at a scattering angle as a function of the ion
velocity and scattering angle (see for example, [22, 23]).
The Cartesian probability (here, ion intensity divided
by ion laboratory velocity) shows the ion flux through a
velocity space element dvxdvydvz of the same size over
the entire velocity space [22, 23]. The data from Figure
10a are plotted in this way in Figure 10b.
From the contour scattering diagram one can try to
estimate the effective mass of the surface. Such an
analysis is shown in Figure 10b. The incident ion
laboratory velocity vector can be shifted to have its
origin in the scattering center. This velocity vector
represents here the relative velocity of the system
incident ion (mass mi – (stationary) effective surface
area (unknown mass meff). The relative velocity vector
is bisected by the effective center-of-mass (c.m.) propor-
tionally to these masses of the colliding system. In case
of elastic scattering of the incident ion, the scattered ion
velocity should be located on a circle centered in the
c.m. and going through the tip of the velocity vector
(dashed circle in Figure 10b).
However, the scattering of CD5
 on the carbon sur-
face is an inelastic event. For this case the recoil velocity
of inelastically scattered CD5
 should be located on a
circle of a smaller radius, but concentric with the elastic
circle, if the inelastic energy loss does not depend on the
scattering angle. Indeed, the peak values of the scat-
tered ion laboratory velocity distributions for a series of
scattering angles (solid points in the contour diagram)
seem to form a ridge which is a part of a circle with a
center on the velocity vector (marked c.m. in Figure
10b). The analysis [24], shown graphically in Figure 10b,
leads to determining the position of the c.m. and from it
to an effective mass of the surface meff  35  4 m.u. A
similar analysis of scattering of CD5
 on a HOPG
surface, heated to 1000 K, leads to meff  55  5 m.u.
This is comparable to the mass of the terminal CH3CH2-
group or two CH3-groups on the hydrocarbon-covered
carbon surface, and to about 4–5 carbon atoms of the
hexagonal graphite face on the “naked” carbon surface.
An analogous analysis of the scattering data has been
carried out recently for dissociative collisions of ethanol
molecular ions on a fluorinated alkylthiol surface (esti-
mated meff about 100 m.u.) [25].
Ion Survival Probability
The fraction of ions surviving the surface collision was
determined from the intensity of the projectile ion
striking the surface and from the sum of intensities of
the product ions and their angular distributions. The
absolute values of ion survival probability, estimated in
this way, showed a large difference in the survival of
radical cations and closed-shell ions of low recombina-
tion energy. For instance, the survival probability of
CD5
 (energy range 15–50 eV, incident angle N  60°)
on a hydrogen-covered carbon (HOPG) surface was
found to be about 12% [13], while that one of the radical
cation CD4
 was only about 0.3 % [13]. Similarly, the
Figure 10. Contour scattering diagrams for CD5
 on hydrocar-
bon-covered HOPG surface, incident energy 14.8 eV, N  60°.
Upper part: Dependence on scattered ion intensity on ion trans-
lational energy and scattering angle. Lower part: Dependence of
scattered ion Cartesian probability (intensity divided by velocity)
on ion velocity and scattering angle. Analysis: Incident laboratory
velocity vector shifted to the scattering center; dashed circle: Loci
of elastically scattered product ions; solid circle: Loci of inelasti-
cally scattered ions with c.m. located so that the circle would fit the
maxima of distributions at the particular angles (solid points).
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survival probability of the radical cation C2H5OH
 on a
hydrocarbon-covered stainless-steel surface was found
more than 10-times lower than that of closed shell ions
C2H5OH2
 or C2H5O
 [10]. The survival probability
depended strongly on the incident angle: For the above
mentioned ions C2H5OH
, C2H5OH2
, and C2H5O
 it
was found to increase about 100 when going from a
steep impact angle (N  40°) to collisions close to the
surface parallel (N  80°) [10].
Internal Energy of Projectile Ions
Most of the terms of eq 1 which determine energy
partitioning in a polyatomic molecular ion colliding at
low collision energy with a surface were discussed in
the previous sections. The only remaining energy term
is the initial internal energy of the projectile ion, Eint.
The two limits are that the initial internal energy of the
projectile may be preserved during the surface collision
to drive further dissociation of the surface excited
projectile, or that Eint may be fully equilibrated with
surface modes during the collision. Everything between
these limits is possible, in principle. For most of the
previous studies described here, Eint was low (ethanol
molecular ion) and thus its specific effect is expected to
be rather small.
In our recent experiments [26], the effect of the
initial internal energy of projectile ions on the extent
of fragmentation was investigated. The experiments
were carried out on a special ion-surface collision
apparatus BESTOF in Innsbruck [27] and consisted in
measuring mass spectra of ion products resulting
from surface-induced dissociation of simple poly-
atomic projectiles as a function of collision energy
(collision-energy-resolved mass-spectra, or CERMS
curves). The projectile ions were simple hydrocarbon
ions prepared in two different sources, either by
electron impact under quasi-single collision condi-
tions (Nier-type source) or in a multi-collisional Co-
lutron source. In the former case, initial internal
energy of the ion from the ionization process should
be preserved, in the latter case, substantial collisional
relaxation of the ion could take place.
Figure 11 shows as an example the CERMS curves of
product ions from collisions of the CH4
 radical cation
and the CH5
 closed-shell ion with a hydrocarbon-
covered stainless steel surface. The ion intensities are
normalized to the sum of all product ion intensity.
Clearly the extent of fragmentation of the projectile ions
formed in two different ways is quite dissimilar. For the
projectile ions formed in the Nier-type source (N), with
Figure 11. Effect of internal energy of projectile ions: Dependence of product ion intensities on
projectile ion incident energy (CERMS curves) for projectile ions formed (a) in the Colutron source (C)
and (b) in the Nier-type source (N). Incident angle 45°, scattering angle 45°. Left: Incident ion CH4
,
right: Incident ion CH5
. Product ion designation in insets, 	Eint
 in (b): Estimated internal energy
content.
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initial internal energy preserved, characteristic features
in the CERMS curves (thresholds of fragment ion for-
mation, characteristic crossings between intensities of
different ion species) occur at much lower collision
energies than for the projectile ion from the Colutron
source (C). The shifts for CH4
 are about 30–40 eV. If
one takes for the efficiency of the translational-to-
internal energy transfer on this surface the well-estab-
lished value of 6% this energy difference would be
comparable to additional internal energy of approxi-
mately 1.5 eV. This is about the upper value of internal
energy expected in undissociated ion CH4
 formed by
electron impact (estimated in Figure 5). Similarly, the
shift of thresholds and crossings in the CERMS curves
for CH5
(N) and CH5
(C) projectile ions is about 15–20
eV and this would correspond to the effect of internal
energy difference of about 1 eV. It appears, thus, that
the projectile ions CH5
 from the Colutron source were
practically relaxed. These data are consistent with the
hypothesis that the internal energy of the projectile ions
is preserved during the ion-surface collision and avail-
able for further dissociation of the surface-excited pro-
jectile.
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